The presence of dissolved oxygen (DO) in water flows is an important factor to ensure the aerobic conditions recognised as beneficial to preventing the occurrence of detrimental effects. The incorporation of DO in wastewater flowing in sewer systems is a process widely investigated in order to quantify the effect of continuous reaeration through the air-liquid interface or air entrained due to the presence of singularities such as drops or junctions. The location of sewer drops to enhance air entrainment and subsequently reaeration is an effective practice to promote aerobic conditions in sewers. In the present paper, vertical drops, backdrops and stepped drops were modelled using the computational fluid dynamics (CFD) code FLOW-3D ® to evaluate the air-water flows due to the turbulence induced by the presence of these types of structures. An assessment of the hydraulic variables and an analysis of the air entrainment based on the available experimental studies were carried out. The results of the CFD models for these structures were validated using measurements of discharge, pressure head and water depth obtained in the corresponding physical models. A very good fit was obtained for the hydraulic behaviour. After validation of numerical models, analysis of the air entrainment was carried out.
INTRODUCTION
Sewer drops are an important component in sewer systems due to the locally induced turbulence in the water flow providing an opportunity to promote aerobic conditions. Many biological processes involved in the development of the biological life in the sewer flow depend on the presence of dissolved oxygen (DO). The presence of singularities such as drops or junctions in sewers enhances the incorporation of DO in the water flow (Almeida et al. ) . The installation of drops is a common practice in steeper sewers, especially in sections where the presence of H 2 S and other noxious gases is not expected to occur (Matias et al. ) .
Despite the recognized benefits of using different types of drops in the sewer system, existing studies relating to the process of reaeration are relatively scarce (Matos & Sousa ; Almeida et al. ) .
The aim of this paper is to evaluate the hydraulic behaviour and the air entrainment due to the localized turbulence produced by the presence of different types of drops in the sewer flow using a computational fluid dynamics (CFD) code. Air entrainment is a process commonly studied in engineering, by means of both theoretical and experimental approaches in different air flows (Chamani ; Chanson ; Felder & Chanson ) .
As a complement to experimental studies, the advances in CFD modelling provide an interesting alternative to analyse physical flow processes using numerical solutions. The capabilities of CFD codes and the computational advances allow modelling and verification of the flow performance through an extensive range of variables. The results are validated using experimental measurements. The CFD codes are a widely used tool in a broad range of flow processes, producing numerous studies focusing on hydraulic and environmental processes. Despite the demonstrated advantages and improvements in computational capacities, the investigations into the sewer systems through the CFD codes published to date have been limited, especially those concerning air entrainment processes.
Durve & Patwardhan () developed a numerical and experimental investigation of the onset of the gas entrainment phenomenon. In this study, the VOF (volume of fluid) method and the LES (large eddy simulation) turbulence model were selected for the numerical analysis. The LES model combined with the Renormalized Group (RNG) model represent the turbulence models most widely used.
Application of CFD for sewer processes has increased in recent years. Applications are varied, and include reverse flow characterization in manholes or gullies under surcharge (Stovin et al. ; Lopes et al. ) ; characterization of the hydraulic performance of a gully under drainage conditions (Martins et al. ) ; better understanding of the hydraulic operation conditions and improvement of the instrumentation of a downstream-controlled-dual-overflow structure (Kouyi et al. ) ; generalized hydraulic flow description in assistance for design optimization in sewer junctions (Zhao et al. ) ; and optimization of the energy consumption without compromising effluent quality in an oxidation ditch (Yang et al. ) , among others.
Few studies focusing on the CFD modelling of air entrainment induced by sewer drops have been published to date (Sousa et al. ; Beceiro et al. ) , with the hydraulic behaviour (turbulence induced, energy losses, etc.) in different singularities such as circular manhole drops (Granata et al. ) or junctions (Mignot et al. ) being the most widely investigated. Due to the recognized advances in CFD tools, and since it represents a useful procedure to analyse the performance of air-water flows, numerical modelling of the air entrainment in a vertical drop, a backdrop and a stepped drop has been implemented in this study.
Flow processes in sewer drops are characterized by turbulent behaviour and significant air transfer due to the impingement of the jet in a receiving pool and to the subsequent hydraulic jump. The hydraulic jump has associated large-scale turbulence, energy dissipation and air entrainment (Chanson ) . The entrained air changes the properties of the water flow, mainly the density. Subsequently, the air-water flows behave like a compressible flow with density.
The main objectives of this paper are the evaluation of the hydraulic behaviour and air entrainment of air-water flows induced by a vertical drop, a backdrop and a stepped drop. This is carried out using the CFD code FLOW-3D ® , including validation of the capabilities of CFD codes to improve the theoretical studies based on measurements in physical models and the assessment of the air entrainment due to these structures. The analysis with FLOW-3D ® was possible due to the availability of experimental results for the hydraulic behaviour and oxygen transfer in different types of drops from the studies developed by Sousa & Lopes (), Soares (), Afonso () and Azevedo () . Considering that the process to model the transfer of DO in the bulk water is not yet incorporated in the FLOW-3D ® code, the numerical model was only developed to simulate the hydraulic conditions and the air entrainment in these structures. Therefore, the CFD model was validated through a hydraulic comparative study with physical model measurements (flow depths, pressure heads and discharge), testing different structures for different discharge conditions.
METHODOLOGY Numerical modelling
A number of CFD codes are commercially available for the study of air-water flows. FLOW-3D ® was selected because it incorporates the VOF and FAVOR™ methods. It is recognized as an adequate CFD tool to simulate free surface flows due to the implementation of the VOF method, developed by Hirt & Nichols () , which models with high accuracy the behaviour of the surface while minimizing the required storage memory. The implementation of the FAVOR™ (Fractional Area-Volume Obstacle Representation) algorithms in the software, which have a demonstrated high accuracy in the representation of complex geometries, was decisive for the selection of the CFD code. The FAVOR™ method (Hirt & Sicilian ) is a porosity technique that defines the fractions of each computational cell obstructed to flow due the presence of solid boundaries, setting a value of porosity between zero and one. The unit value corresponds to the situation when the computational cell is completely filled by the object. The FAVOR™ algorithms allow the representation of complex geometry shapes through an orthogonal mesh, ensuring a high accuracy in the representation, and avoiding the use of deformed mesh.
The free surface flow was computed using the VOF method, based on the concept of a fractional VOF in each cell, that is particularly useful because it minimizes the required stored. The VOF method is formed by three main components: the definition of the VOF function, a method to solve the VOF transport equation and setting the boundary conditions at the free surface.
General flow model

FLOW-3D
® solves the Reynolds-Averaged Navier-Stokes (RANS) equations by the finite volume/finite differences method from a structured finite difference grid. The continuity equation and RANS equations for incompressible fluids (e.g., Ozmen-Cagatay & Kocaman ) are expressed as follows:
where,
where x i is the Cartesian coordinates in subscript direction, u i is the velocity component in subscript direction, A i is the fractional area open to flow in subscript direction, t is the time, V F represents the volume fraction of fluid in each cell, ρ is the fluid density, p is the pressure, g i represents the gravitational force in subscript direction and f i is the diffusion transport term; V F and A j (cell face areas) are unitary, thereby reducing the equations to the basic incompressible RANS equations. S ij represents the strain rate tensor, τ b,i is the wall shear stress, ν is the kinematic viscosity and ν t is the kinematic eddy viscosity. The RANS equations represent a modification form of Navier-Stokes equations including the Reynolds stress term. To close the problem, the RNG turbulence model was activated and the evaluation of the density of the air-water flow was evaluated. The drift-flux model was also activated with the purpose of improving the incorporation and release of air modelling through the free surface in the case of the stepped drop. Although the incompressible form of the RANS equations was employed, the incorporation of air due to the presence of drops means that air-water flow behaves as a compressible mixture (Valero & García-Bartual ). This condition was considered for the selection of the density transport equation. The first order approximation of density transport equation was adopted to consider the variations in the fluid volume due to the incorporation of air (Flow Science ).
The main objective of the turbulence models is to provide a mechanism for estimating the influence of turbulence fluctuations in the flow. The chaotic fluctuations in the flow related to the turbulent flow character are controlled by the Reynolds number (Tota ) . The RNG turbulence model was selected for its demonstrated good performance in term of accuracy, numerical stability and low computational cost (Zhai et al. ) . Furthermore, Hirt () recommends the use of the RNG version and the more traditional K-ε model with the air entrainment model. The RNG turbulence model represents the effects of small scale turbulence by means of a random forcing function in the Navier-Stokes equation. The RNG procedure systematically removes the small scales of motion from the governing equations by expressing their effects in terms of larger scales of motion and a modified viscosity (Versteeg & Malalasekera ) . The RNG model is based on the turbulent viscosity hypothesis and solves two transport equations for the turbulent kinetic energy, k, and the turbulent dissipation, ε.
The turbulent mixing length (TLEN) represents the main parameter in the RGN model, which establishes the minimum values of k and ε. A sensitivity analysis of the TLEN was required in order to respect the boundary condition imposed by the dynamic viscosity. The calculated dynamic viscosity was verified for each tested TLEN to avoid unrealistic results. The TLEN value corresponding to 7% of the hydraulic diameter was adopted (e.g., Shojaee
The stagnation pressure was adopted in the different drop models as a boundary condition. This selection is used given the physical meaning in contrast with the hydrostatic pressure, which specifies null velocities at the boundary conditions representing an approximation to a large reservoir of fluid outside to the mesh domain (Flow Science ). The entire domain of the physical model was initially tested in order to verify the absence of significant secondary flows in each structure. The computational domain was reduced to half, and a symmetry boundary condition in the plane of symmetry was imposed. The simplification of the mesh domain allows reduction of the computational time, providing an opportunity to model a wider range of hydraulic and geometric conditions.
Air entrainment and drift-flux models
The model of the air entrainment is the most important sub-model when setting the numerical model, due to the damping effect caused by the presence of air bubbles in the outlet pipe. The model is based on the idea that turbulent eddies raise small liquid elements above a free surface that may trap air and carry it back into the body of the liquid according to Hirt () . The high dependence on the adopted mesh refinement is a significant limitation of the air entrainment model.
Two model options are available in FLOW-3D ® depending on the percentage of air. The first model, recommended when the volume fraction of entrained air is relatively low, simulates the entrained air as a scalar variable without modifying the flow dynamics. The second model is based on a variable density formulation, incorporating the bulking effect of the fluid volume by the addition of air and the buoyancy effect associated with entrained air. In the present study, the second option based on the variable density formulation was selected, in which the assessment of the air incorporation considers the volume increase of the bubbles in the water body and release along the free surface is allowed.
Surface turbulence is defined through the characteristic size of turbulent eddies, L t and the turbulent kinetic energy per unit volume, P t . For air entrainment to occur, the turbulent kinetic energy per unit volume, P t , must be larger than the energy of the stabilizing forces, P d , represented by the gravitational and surface tension (Hirt ).
where cnu is the coefficient for the surface disturbances characterization (cnu ¼ 0.085), ρ is the liquid density, g n is the component of the vector of the acceleration of gravity in the direction normal to the free surface; σ is the surface tension; δV is the volume of air allowed to enter to flow through the free surface per unit time; C air is a coefficient of proportionality and A s is the surface area. The typical value of 0.5 for C air was adopted supposing that the incorporation of air is performed through the 50% of eddies area. This value of C air represent a good first guess according to Hirt () .
EXPERIMENTAL SETUP
The studies of physical models were carried out in the Technical University of Lisbon by Sousa & Lopes (), Soares (), Afonso () and Azevedo (). The types of drops considered were (a) vertical drop (Sousa & Lopes ; Soares ), (b) backdrop (Azevedo ) and (c) stepped drop (Afonso ). Each physical model consisted of a hydraulic power circuit and a hydraulic system including an inlet pipe, an outlet pipe and a drop. The system is supplied by two reservoirs located immediately upstream and downstream of the pipes. The system operated in a closed circuit and a centrifugal pump has been integrated to raise the upstream reservoir. In the terminal section, a flat gate allows regulation of the position of the hydraulic jump.
The inlet and outlet pipes are in PVC with an internal diameter of 0.154 m, a wall thickness of 0.0032 m (nominal diameter of 0.160 m) and lengths of 1.5 m and 3.5 m, respectively. Experimental tests were carried out for different hydraulic and geometric conditions for each structure (drop height, h d, of 0.3 m and 0.4 m; discharge, Q, of 1.2 l/s, 2.1 l/s, 3.0 l/s and 3.9 l/s). Figure 1 shows the physical models for the vertical drop, backdrop and stepped drop.
NUMERICAL MODEL
The vertical drop, backdrop and stepped drop were selected due to their significant presence in manholes in the sewer system and the high relevance of the reaeration process and the subsequent air entrainment induced in the bulk water.
The dimensions of the numerical models are in accordance with the physical models, and the geometries for the models were generated by CAD software. Stereolithography files were employed to minimizing the active cells without removing domain components. The minimization of the number of active cells in the model is an important step in order to reduce the required memory and computational time. In the initialization of fluid boundary conditions, two initial fluid regions were adopted in each model, located in the inlet and outlet pipes, based on the experimental water depth measurements, which are in accordance with the type of structure and the geometric and hydraulic conditions which were being tested. In the stepped drop model, an additional fluid region in the steps region was defined at the start of each simulation. This method reduces the time required for the filling process of conduits and decreases the computational time to reach the steady state. The steady state was checked by the flow kinetic energy obtained in FLOW-3D
® .
The models were composed of inlet and outlet pipes linked together through the corresponding drop structure. The input and output pipes were modelled with lengths of 1.5 m and 3.5 m, respectively, and zero slope. For the vertical drop, the adopted water jet region was 0.4 m in length, thereby avoiding interfering with the trajectory. In the case of the backdrop, the drop was represented by using a vertical pipe with the same diameter as the inlet and outlet pipes and the connection was carried out using circular junctions. For the stepped drop, the dimensions of each step adopted were 0.1 m in length and 0.05 m in height. In the stepped drop model, for the geometric and hydraulic conditions modelled, the water flow regime corresponds to the nappe flow regime.
Simulations were carried out for different hydraulic and geometric conditions for each structure (drop height, h d of 0.3 m and 0.4 m; discharge, Q, of 1.2 l/s, 2.1 l/s, 3.0 l/s and 3.9 l/s). The aim is to quantify the hydraulic properties and the air entrainment in the vertical drop, backdrop and stepped drop for the established set of h d and Q values. Table 1 presents the hydraulic and geometric conditions simulated for each structure, where h i is the water depth in the initial section of the inlet pipe and Fr is the Froude number calculated for this section.
The adoption of a single block mesh was not possible due the accuracy required for the air entrainment modelling, which is highly dependent on the adopted cell size. The domain was discretized using a multi-block grid, separated by water flow zones characterized by their different behaviour, which allow capture of rapid changes in the flow. The use of a multi-block grid improves the mesh optimization in areas with complex obstacle geometries and reduces the memory requirements and computational cost, according to Bombardelli et al. () .
In the vertical drop and the backdrop, the computational mesh was discretized into three linked multiblocks corresponding to the region of the drop, the inlet, and the outlet pipes, in order to capture accurately the nappe impingement on the downstream pool. A more refined mesh located in the zone of impingement of the jet was required. The dimensions of the block corresponding to the drop region were adopted, avoiding the placement of the mesh planes in zones with high gradients. The configuration of the grid adopted in the stepped drop model was modified to achieve an appropriate cell size, which should reproduce the hydraulic behaviour in this structure without an excessive increase in the computational time for each simulation due to the larger dimensions of the block mesh corresponding to the steps region. Two-nested blocks were adopted, placing the contained block in the steps region. For the stepped drop, it was not possible to use the same minimum cell size adopted in the vertical drop and backdrop due to the unreasonable number of active cells to be computed. Sensitivity analysis of the cell size was carried out in order to reduce the cell size until independent results were obtained, adopting as the minimum cell size 2.5 × 5.0 × 2.5 mm in the vertical drop and backdrop, and 3.5 × 3.5 × 3.5 mm in the stepped drop, on the longitudinal, transverse and vertical directions, respectively. The criterion for accepting the independence of results was established as follows: the difference in the discharge values (Q) between two consecutive simulations should be lower than 3%. The total number of active cells is about 420,000 for the vertical drop and backdrop models and 520,000 for the stepped drop model. The sensitivity analysis represents an essential process to achieve the accuracy required by the model with the minimum computational time.
The drift-flux model was activated to improve the air entrainment modelling in the stepped drop due to the unsatisfactory results obtained for the void fraction. In the nappe flow regime, the succession of free-fall jet impingements in the steps region presents a high difficulty for the modelling. The drift-flux model is based on the relative motion between components being described as a continuum, rather than by discrete elements, supposing that the flow is composed of a continuous phase and a dispersed phase that is discontinuous and surrounded by the continuous phase (Brethour & Hirt ) .
RESULTS
This paper presents an assessment of the hydraulic behaviour and the air entrainment in the vertical drop, backdrop and stepped drop. The result of the CFD models for these structures was validated using the variables of discharge, pressure head and water depth obtained in the corresponding physical models developed. A very good fit was obtained for the hydraulic behaviour, especially between the experimental and numerical results in the inlet pipe. After the numerical models' validation, an analysis of the air entrainment was performed, being presented in the present study for the vertical drop and backdrop. Despite the activation of the drift-flux model to improve the numerical results for the void fraction in the stepped drop, the incorporation of air predicted through FLOW-3D ® was unsatisfactory.
The performance of the numerical models was validated in terms of the common statistical measures R 2 (coefficient root-mean-square error (RMSE)).
where
The verification of the discharge in the CFD models is the first step in validating the correct adjustment of each simulation based on the experimental measurements carried out in the physical models. The agreement between the results obtained using FLOW-3D ® and the experimental measurements was widely satisfactory. The stepped drop model provided the best prediction of the experimental discharges; the hydraulic behaviour was appropriately modelled (Table 2) .
Water depth
The rapidly varying flow induced by the presence of a drop and the subsequent hydraulic jump were reproduced with high accuracy through the CFD models. The numerical result for the water depths in the vertical drop, backdrop and stepped drop models, particularly in the inlet pipe, presented a good agreement. The adequate agreement between the experimental and numerical results verifies the adequate selection of the boundary condition adopted in each simulation of the structures to be modelled. The greatest differences are located in the region between the initial section and the jet impingement in the outlet pipe due to the fragmentation of the nappe when plunging in the downstream pool. Two zones are identified in the nappe; the lower part of the jet, which is discharged in the upstream pool of water producing a horizontal swirl flow, and is responsible for the air entrapment; and the upper part, which slides over the horizontal turbulence, according to Chamani (). This process is clearly reproduced in the vertical drop modelling; an example of the jet fragmentation is shown in Figure 2 .
The stepped drop is a particular case. The water depths corresponding to the inlet and outlet pipe present a fit similar to the vertical drop and backdrop. In the steps region, the water depths for the upper and lower part of the nappe are contained between the maximum and minimum experimental values developed by Afonso (). However, the prediction of the water pool depths for each step was less satisfactory.
Pressure head
The activation of the air entrainment model in FLOW-3D ® allowed pressure heads to be obtained with reasonable agreement with the experimental data in the outlet pipe, for all modelled drops, due to the incorporation of the dumping effect of the entrained air. The pressure head results have been evaluated individually in the function of the type of drop, the drop height and the discharge. The pressure heads are predicted with high accuracy for the inlet and outlet pipe in the vertical drop, backdrop and stepped drop.
Due to the difficulty in modelling pressure head profiles in the outlet pipe, a detailed analysis in each section, where an experimental measurement is available, was carried out. The numerical models' performance for the variable of pressure head on the outlet pipe was evaluated through the MSE and RMSE (Table 3) .
The best performance, based on the MSE and RMSE results, was achieved by the backdrop for both height drops. In general, the results obtained highlight the good adjustment of the pressure heads in the outlet pipe for all structures. Despite the greater differences between the experimental and numerical results obtained for the vertical drop, compared to the other numerical models, this structure shows an appropriate fit for this variable.
In Figure 3 , the comparison between the experimental measurements and the numerical results for the pressure heads in the outlet pipe is presented. The numerical pressure heads show a good accuracy with the experimental data, with the numerical results being slightly over predicted. The outliers presented (Figure 3 ) correspond to the jet impingement section in the vertical drop, being partly due to the high fluctuations in the pressure heads induced by the fragmentation of the jet and the limited number of experimental measurements available.
The pressure head results show the importance of the air entrainment model in the outlet pipe. It must be noted that to achieve the adequate pressure head adjustment along the outlet pipe presents significant difficulties due to the influence of the air entrainment, which is highly dependent on the adopted mesh refinement.
Void fraction
Once the appropriate performances of the CFD models through the variables of discharge, water depth and pressure head were evaluated, an assessment of the air-water flow patterns in the vertical drop and backdrop, for the tested values of height of drop and discharge was carried out. The analysis of the void fraction in the stepped drop was omitted due to the low adjustment obtained through FLOW-3D ® .
Even if the stepped drop model adequately reproduces the hydraulic behaviour, the predicted void fraction in this structure was not realistic. These results can result from the high difficulty of modelling the nappe flow regime for the values of discharge tested and the lower accuracy achieved in prediction of the water pool depths in the steps region.
Air entrainment revealed a differentiated behaviour in the incorporation and release of air depending on the values of the discharge tested, with the analysis being performed separately for lower (1.2 l/s and 2.1 l/s) and higher discharges (3.0 l/s and 3.9 l/s). It should be noted that the jet does not impinge on the brink of the backdrop in most simulations corresponding to the lower discharges, being appropriate to analyse it separately.
For low discharges, the average void fraction ( C) is highly dependent on the type of structure to be modelled, and the drop height presents scarce relevance. The average void fraction profiles along the longitudinal axis, in each structure, present a similar behaviour for the drop height tested, with the influence of the discharge being more significant in the backdrop (Figure 4) .
The incorporation of air, and the subsequent air-bubble entrainment in the vertical drop, is higher in the region located upstream of the jet impingement section in the outlet pipe due to the fragmentation of the nappe; downstream of this section, the air is rapidly released into the sewer atmosphere. However, the backdrop present a gradual incorporation of air along the longitudinal axis, promoting the increase in the residence time of the air entrained in the sewer flow (Figure 4) . The differentiated performance of the average void fraction profiles between the vertical drop and backdrop can be caused by the existing geometrical differences in the initial region of the outlet pipe, with the entrapment of air being attenuated in the backdrop due to the presence of a curved junction between the drop structure and the outlet pipe. The analysis of the air entrainment for the higher discharges presents a significant complexity due to the greater turbulence induced in the air-water flow, especially in the backdrop. The average void fraction profiles are characterized by minor homogeneity along the longitudinal axis for each drop type. The incorporation and release of air showed variable behaviour depending on the drop height and hydraulic conditions. For higher discharges, the analysis of the average void fraction profiles revealed a high dependence of the height drop and a significant influence of the discharge, especially in the backdrop. The difference in the incorporation of air between the vertical drop and backdrop was lower than in the case of lower discharges due to the continuous jet impingement at the brink of the backdrop, in the outlet pipe region located before the jet impingement section. After the impingement section, for the higher discharges, the backdrop showed a significant increase in air incorporation. However, the vertical drop presented a similar performance to the case of lower discharges, with the air being released more slowly ( Figure 5 ).
The total void volume fraction in the outlet pipe, V (À), was evaluated in the vertical drop and backdrop in order to enhance the analysis of the air entrainment ( Figure 6 ). In agreement with the analysis of the average void fractions, the type of drop is the most relevant variable for lower discharges, with the incorporation and release of air being higher in the vertical drop. The total void volume fraction shows a high dependency on the drop height and hydraulic conditions for higher discharges.
In the analysis carried out in the section along the outlet pipe, for both the vertical drop and the backdrop, the void volume fraction showed an increase of entrained air with the water depth in the initial region. Downstream of the hydraulic jump, the distribution of the void volume fraction remains quasi-constant, being almost independent of the air entrained and the water depth when the pressure heads are stabilized, based on the numerical data obtained for the longitudinal axis.
CONCLUSIONS
In this paper, the analysis of air-water flows induced by the presence of drops in the sewer system is addressed, with the vertical drop, backdrop and stepped drop being modelled using the CFD code FLOW-3D ® . The RNG turbulence model was selected due to its demonstrated good performance and it is to be recommended when the air entrainment model is activated (Hirt ) . In the modelling of the different drops, the first order approximation to the density transport equation is activated in order to consider the variations in the fluid volume induced by air incorporation. The air entrainment model allowed estimation of the incorporation and release of the air bubbles through the free surface. This model includes the increase in fluid volume by the addition of air and the buoyancy effects associated with entrained air (Hirt ) . A sensitivity analysis of the cell size was performed to represent an essential step to achieving the required accuracy of the CFD model, with the minimum computational time and the necessary cell size for an adequate air entrainment model performance.
The satisfactory performances of the CFD models in predicting the hydraulic behaviour, which was validated through the variables of discharge, water depth and pressure head, provided the opportunity to develop an assessment of the air entrainment. The analysis of the void fraction in the stepped drop was omitted due to the inconsistent results obtained through FLOW-3D ® .
The average and the total void volume fraction were evaluated in the vertical drop and backdrop along the longitudinal axis of the outlet pipe. A differentiated performance of the air entrainment along the longitudinal axis was detected, with the analysis of the average void fraction being carried out separately for the lower and higher values of discharges. In the case of the lower discharges, the type of drop located in the sewage represents the main factor in the incorporation and release of air, being superior in the vertical drop due to the higher air entrapment of the lower part of the fragmented jet. However, for the higher discharges, the drop height and the hydraulic conditions showed a significant influence on the average void fraction, evaluated along the longitudinal axis, and the total void volume fraction. In future research, it would also be interesting to incorporate the oxygen transfer modelling, provided that the corresponding process is incorporated in the CFD code.
